Chloroform contributes to the depletion of the stratospheric ozone layer. However, due to its short lifetime and predominantly natural sources, it is not included in the Montreal Protocol that regulates the production and uses of ozone-depleting substances. Atmospheric chloroform mole fractions were relatively stable or slowly decreased during 1990-2010. Here we show that global chloroform mole fractions increased after 2010, based on in situ chloroform measurements at seven stations around the world. We estimate that the global chloroform emissions grew at the rate of 3.5% yr −1 between 2010 and 2015 based on atmospheric model simulations. We used two regional inverse modelling approaches, combined with observations from East Asia, to show that emissions from eastern China grew by 49 (41-59) Gg between 2010 and 2015, a change that could explain the entire increase in global emissions. We suggest that if chloroform emissions continuously grow at the current rate, the recovery of the stratospheric ozone layer above Antarctica could be delayed by several years.
L
arge and effective reductions in emissions of long-lived ozonedepleting substances have been achieved through the 1987 Montreal Protocol and its amendments, evidenced by the observed decline in the atmospheric abundances of many ozonedepleting substances 1 . Important remaining uncertainties in the timing of ozone layer recovery are due, in part, to the uncertain impact of very short-lived substances (VSLSs), such as dichloromethane (CH 2 Cl 2 ) and chloroform (CHCl 3 ), which are not currently regulated under the Montreal Protocol 1 . Historically, due to the relatively short atmospheric lifetimes (typically < 6 months) and therefore low atmospheric concentrations, VSLSs were thought to play a minor role in stratospheric ozone depletion. However, substantial levels of VSLSs have been detected in the lower stratosphere [2] [3] [4] and numerical model simulations suggest a significant contribution of VSLS to ozone loss in the stratosphere [5] [6] [7] . A recent study shows that CH 2 Cl 2 atmospheric concentrations are increasing rapidly and, assuming the concentrations continue to grow, the projected CH 2 Cl 2 concentrations could substantially delay the Antarctic ozone layer recovery by nearly 30 years, based on global chemical transport model simulations 8 . This study presents the CHCl 3 recent growth, its probable cause and the potential future impact on the Antarctic ozone layer recovery.
Atmospheric emissions of CHCl 3 are from both natural and anthropogenic sources 9, 10 . Natural sources are dominated by microbial production in the ocean and soil, with minor contributions from volcanic eruptions. Anthropogenic sources are thought to primarily include HCFC-22 (chlorodifluoromethane) and fluoropolymer production, water chlorination and paper manufacturing 10 . It has generally been believed that atmospheric CHCl 3 primarily originates from natural sources (for example, 90% (ref. 9 ), mainly ocean and soil processes), with only a small anthropogenic contribution. However, recent studies suggest that anthropogenic emissions may have been dramatically underestimated and that ~50% of CHCl 3 emissions may be attributable to these sources 11, 12 . This study also explores the CHCl 3 sources and their contributions to recent global CHCl 3 changes.
Recent growth in global mole fractions and emissions
Previous studies that used Antarctic firn air showed that Southern Hemisphere polar atmospheric mole fractions increased from 3.7 pmol mol −1 in 1920 to a peak of 6.5 pmol mol −1 in 1990 before decreasing until the records ended in 1997 11 ( Fig. 1a,b) . Based on firn air samples from Arctic and Antarctic sites, Northern Hemisphere mole fractions increased from 5.7 pmol mol −1 in 1920, peaked at 17 pmol mol −1 in 1990 and decreased after that 12 ( Fig. 1a,b ). There are probably calibration differences between these records, but a general picture of increasing concentrations until 1990 and decreasing concentrations after 1990 emerges from both records. In situ baseline measurements (observations with pollution events removed using a statistical filtering algorithm 13 ) from the Advanced Global Atmospheric Gases Experiment (AGAGE 13 (station locations in Fig. 1a) ) show that this downward trend continued until around 2010 at remote sampling locations (Fig. 1c) . At these AGAGE stations, growth rates between 1995 and 2010 varied between − 0.8% yr −1 (at the American Samoa Observatory (SMO) in the Southern Hemisphere) and − 0.3% yr −1 (at Trinidad Head (THD), California, in the Northern Hemisphere), with the trends observed at other stations (Mace Head, Ireland (MHD), Ragged Point, Barbados (RPB), Cape Grim, Tasmania (CGO)) lying in between these values. However, we found a renewed growth of global CHCl 3 mole fractions between 2010 and 2015. After 2010, baseline CHCl 3 mole fractions grew in both hemispheres at a higher rate than observed before in the in situ or firn records (Fig. 1c) Table 1 ). This finding indicates that regional CHCl 3 emissions in Australia (CGO station), the west coast of North America (THD station) and Europe (MHD station) probably did not increase in this period. In contrast, measurements from AGAGE Hateruma, Japan (HAT), and Gosan, South Korea (GSN) (measurement details are given in Methods), show increasing magnitudes of above-baseline pollution events over 2010− 2015 (Fig. 2a) , which suggests an increase in CHCl 3 emissions in eastern Asia, assuming the annual mean meteorological conditions have not changed significantly during 2007− 2015. As the observations qualitatively indicate increasing emissions only from eastern Asia, we focus our analysis on this region in the following sections.
Rapid increase in China's CHCl 3 emissions
To quantify the CHCl 3 emissions from eastern Asia, two threedimensional atmospheric dispersion models (the flexible particle dispersion model (FLEXPART) 14 and the UK Met Office's numerical atmospheric-dispersion modelling environment (NAME) 15 ) were used to simulate the transport of CHCl 3 from potential sources to the measurement locations. Two different inverse modelling approaches were used with each of these models: a Bayesian inversion was used with FLEXPART, and a hierarchical Bayesian 'trans-dimensional' approach with NAME 16 . For convenience, we label the inversions 'FLEXPART' and 'NAME' after the transport models, but note that the statistical approach to inferring fluxes is different for each model (details in Methods). Observations and simulations of CHCl 3 mole fractions at the two East Asian AGAGE stations from FLEXPART and NAME inversions are shown in Supplementary Fig. 2 .
Results from both the FLEXPART and NAME inversions show a rapid increase of CHCl 3 emissions from eastern China after around 2010 (Fig. 2c) . The total CHCl 3 emissions from eastern China were stable during 2008− 2010, being 38 (33− 44) Gg yr −1 on average. After that, the emissions increased by more than a factor of two, to reach 88 (80− 95) Gg yr −1 (FLEXPART inversion) and 82 (70− 101) (NAME Compared to 2010, the 2015 global CHCl 3 emissions increased by 46 (30− 61) Gg, whereas emissions from eastern China increased by 48 (42− 54) Gg (FLEXPART inversion) and 50 (41− 63) Gg (NAME inversion) (Fig. 2d) . Therefore, eastern China's emissions increase is almost equal to the inferred global emissions increase. As mentioned above, CHCl 3 emissions from Australia, North America and Europe probably did not change substantially during this period. Thus, the post-2010 global CHCl 3 emissions increase found in this study is most probably due to the rapid emissions increase in eastern China, assuming that there are no substantial CHCl 3 emission changes in other regions of the world not covered by the AGAGE measurement network.
Between 2007 and 2015, the highest emissions were inferred for the eastern parts of China, which are highly populated and industrialized. The inferred emissions distribution is broadly consistent with the locations (Supplementary Table 3 ) of factories that produce CHCl 3 ( Fig. 2b (FLEXPART inversion) and Supplementary Fig. 3 (NAME inversion)). However, the exact process or processes responsible for the emissions cannot be identified in this analysis. Between 2010 and 2015, the inferred spatial distribution of CHCl 3 emissions did not change substantially as emissions rose ( Supplementary Fig. 4 ). These considerations led us to conclude that it is most likely that anthropogenic sources are responsible for the rapid emissions increase in eastern China during 2010− 2015. Recent studies showed that emissions from eastern Asia of several other ozone-depleting substances have not declined as expected, or have also increased (for example, CFC-11 (ref. 17 
implications for ozone-layer recovery
The Antarctic ozone 'hole' , a seasonal thinning of the ozone layer above Antarctica during spring, has been predicted to return to pre-1980 levels by around 2050 (± 5 years) 17 or, in more recent studies, towards the end of the twenty-first century 18, 19 . These 'return date' studies have generally not considered the impact of recent growing levels of the major VSLS, CH 2 Cl 2 and CHCl 3 . However, a recent study has shown that a continued growth of CH 2 Cl 2 at current rates could delay Antarctic ozone recovery by several decades 8 . Here we use the results of this CH 2 Cl 2 study to approximate the potential future impact of the increased CHCl 3 on ozone recovery (Methods). This method relies on the similarities of the CH 2 Cl 2 and CHCl 3 lifetimes (both 0.4 years 21 ) and their atmospheric distribution. We estimate that the increase in b, Map of posterior CHCl 3 emissions derived from regional inverse modelling using the FLEXPART model. Blue crosses represent factories that produce CHCl 3 . c, Eastern China's yearly total CHCl 3 emissions derived from regional inverse modelling using FLEXPART and NAME. The error bars represent 1σ uncertainty for FLEXPART inversions, and 5th− 95th percentile range uncertainty for NAME inversions. d, 2015 emissions minus 2010 emissions for the total globe and for eastern China. The error bars are consistent with the error definitions in Fig. 1d and Fig. 2c .
troposphere and lower stratosphere [22] [23] [24] [25] [26] [27] . During the late boreal summer and autumn, nearly one-fifth of the air in the tropical lower stratosphere had previous contact with the planetary boundary layer over Asia, whereas negligible fractions originate from over North America and Europe 28 . Thus, CHCl 3 emitted from East Asia is probably more important for ozone depletion than CHCl 3 emitted from other regions of the world. Demand for CHCl 3 in China is expected to increase in the main application sector-producing polytetrafluoroethylene-at a growth rate of 7% yr -1 during 2015-2020 29 (Supplementary Information), which is consistent with our scenario of increasing CHCl 3 emissions and mole fractions, at least in the near-term. Considering the above phenomenon of efficient transport from Asia to the stratosphere and the substantial amount of CHCl 3 emitted in China, the increasing CHCl 3 emissions from China pose a growing threat to ozone-layer recovery.
The spatial distribution of our derived emissions strongly suggests that anthropogenic activities, rather than natural sources, are driving the observed rise in China's CHCl 3 emissions. Chloroform and other VSLSs are not controlled by the Montreal Protocol, because, apart from CH 2 Cl 2 , they were previously thought to be mostly from natural sources and to have a minor impact on stratospheric ozone due to their relatively short atmospheric lifetimes. However, this study reveals growing amounts of CHCl 3 from anthropogenic sources in China that have the potential to delay future ozone-layer recovery by around 0.4-8 years, depending on whether CHCl 3 abundances pause at the 2015 level or continue to grow at their current rate.
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Methods
CHCl 3 measurements and global emissions estimations. Atmospheric mole fractions of CHCl 3 were measured at five remote non-Asian AGAGE stations (more information on the five stations given in Supplementary Table 4) using gas chromatography with electron capture detection analytical techniques 13 . Global emissions were estimated using baseline mole fractions at the five AGAGE stations and an atmospheric box model 30, 31 . The model separates the atmosphere into four equal-mass zonal bands (90-30° N, 30° N to 0°, 0° to 30° S, 30-90° S) with vertical divisions at 500 hPa and 200 hPa. The inversion used a Bayesian framework in which the rate of change of emissions was constrained by a prior estimate 32 . The prior emissions growth rate was assumed to be zero, with an uncertainty in the emissions growth of ± 20% of the global total emissions, based on Xiao et al. 33 . Uncertainties in the derived fluxes include those due to the observations, the prior constraint and the atmospheric lifetime (following Rigby et al. 34 ). More information is provided in Supplementary Information. CHCl 3 measurements and emissions estimation for East Asia. Atmospheric mole fractions of CHCl 3 measured at two Asian stations (HAT and GSN (Fig. 2b) ) were used in an inverse modelling study to derive East Asian emissions. The HAT station (24.1° N, 123 .8° E) is located on a small island at the southern edge of the Japanese archipelago and to the east of Taiwan. CHCl 3 mole fractions in air are measured using a technique based on cryogenic pre-concentration and capillary gas chromatography-mass spectrometry 35, 36 . The GSN station (33.3° N, 126 .2° E) is situated on Jeju Island south of the Korean Peninsula, and mole fractions of CHCl 3 are measured using the Medusa gas chromatography-mass spectrometry technology 37 . The time resolution of CHCl 3 measurements is every hour at HAT and every two hours at GSN. The HAT CHCl 3 measurements are reported in the NIES-11 calibration scale and the GSN data in the Scripps Institution of Oceanography (SIO)-98 calibration scale. HAT CHCl 3 data were converted into the SIO-98 calibration scale using the NIES-11/SIO-98 ratio of 1.066 ± 0.005.
Two inverse modelling techniques were used to resolve the regional emissions. One is a FLEXPART-based Bayesian inversion. Backward simulations from the FLEXPART model 14, 38 were driven by meteorological data (European Centre for Medium-Range Weather Forecasts). The backward simulations established a source-receptor relationship matrix, hereafter called 'emission sensitivities'. For computational efficiency, we assumed that the source-receptor relationships for CHCl 3 were the same as for an unreactive gas. Our tests show that the inferred East Asian total CHCl 3 emissions would change by only 1% if model runs that included CHCl 3 reactions with the OH radical were used. The FLEXPART model sensitivities were combined with a Bayesian optimization technique to derive the emission strengths in grid cells in East Asia. The cost function to be minimized is: Here T represents matrix transformation, x is the state vector of emission strength (g m -2 s -1 ) in each grid cell, y obs is the CHCl 3 measurement vector, x a is the prior emission vector, H is the emission sensitivity matrix derived from the FLEXPART backward simulation, S a is the prior emission error covariance matrix, S b is the posterior emission error covariance matrix and S o is the observational error covariance matrix. We set a uniform prior emission (x a ) distribution over continents and oceans ( Supplementary  Fig. 5 ) so that the posterior emissions are constrained from the measurement data. More information on constructing x a , S a and S o is provided in the Supplementary Information.
The second inversion method employed is a NAME-based hierarchical Bayesian inversion 16, 39 . NAME is the UK Met Office Lagrangian particle dispersion model, which was used here to simulate atmospheric transport. NAME was driven by meteorological information from the Met Office unified model, with spanned resolutions of 0.234− 0.563° (longitude) and 0.156− 0.375° (latitude) for 31− 70 vertical levels over the period 2007− 2015. NAME was run in backward mode for a maximum of 30 days backwards in time. For each observation, this resulted in sensitivity maps that quantify the relationship between surface (defined as 0-40 m above ground level) emissions and concentrations at that receptor. The inversion using the NAME model used a hierarchical Bayesian methodology in which a set of 'hyperparameters' that comprise model-measurement uncertainties and prior emissions uncertainties were estimated simultaneously with fluxes. In addition, by employing a reversible jump trans-dimensional Markov chain Monte Carlo scheme, the spatial decomposition of the underlying flux field was also allowed to vary (that is, the inversion grid over which fluxes are estimated), which allowed the data to derive the resolution with which fluxes were inferred 39 . More information on NAME inversions is provided in the Supplementary Information.
Due to the emission sensitivity map coverage ( Supplementary Fig. 6 ), emissions are only summed for a specific country or region within the domain between 20.8-44.0° N and 111.2-146.0° E, where our observations had significant sensitivity to potential sources.
